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Abstract
A model of motion planning for agent-based crowd simulation is one of 
the key techniques for simulating how an agent selects its velocity to move 
towards a given goal in each simulation time step. If there is no on-coming 
collision with other agents or obstacles around, the agent moves towards the 
designated goal directly with the desired speed and direction. However, the 
desired velocity may lead the agent to collide with other agents or obstacles, 
especially in a crowded scenario. In this case, the agent needs to adjust its 
velocity to avoid potential collisions, which is the main issue that a motion 
planning model needs to consider. This paper proposes a method for 
modelling how an agent conducts motion planning to generate velocity for 
agent-based crowd simulation, including collision detection, valid velocity 
set determination, velocity sampling, and velocity evaluation. In addition, the 
proposed method allows the agent to really collide with other agents.
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Hence, a rule-based model is applied to simulate how the agent makes a 
response and recovers from the collision. Simulation results from the case 
study indicate that the proposed motion planning method can be adapted to 
different what-if simulation scenarios and to different types of pedestrians. 
The performance of the model has been proven to be efficient.-
Keywords: Motion planning, collision avoidance, collision response, agent- 
based simulation, crowd simulation
Introduction
Crowd simulation (Thalmann and Musse, 2007) has become an ecient  tool for
psychologists, sociologists, computer scientists, and even for architecture 
designers and urban planners to study the crowd behavior and its  movement
under diverse what-if scenarios in recent decades. Agent-based  model (Nguyen et
al., 2005; Pelechano et al., 2005), as a main and important  method for
simulating how an agent behaves and moves in a diverse environment, 
emphasizes on the issues of individual aspects, including pedestrian's
psychological and social behaviours, communication amongst pedestrians, and
individual decision making process.
A typical agent-based model usually holds two layered modules: a upper layer 
module for decision making and a lower module to deal with motion  planning. In 
each simulation time step, the decision making part is executed  rst to generate a 
desired position. THE Motion planning part is then triggered  to execute to 
produce velocity for agent to arrive at the desired position.
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 Agent will move along the direction until the end of the simulation step,  if no 
potential collision is detected; otherwise the velocity will be adjusted  based on 
the predened trade-o between the preferred direction and the  collision-free 
directions.
There is a large amount of existing work on collision avoidance for motion  
planning of multi-agent systems. Some of them Fox et al. (1997); Gayle  et al. 
(2002); Jaillet and Simeon (2004) are aimed at controlling the motion  of robotics 
in dynamic environments, but without considering the motion of  the other agent 
involved in the possible collision. Similar to those methods  for the motion 
planning of robotics, literatures Sud et al. (2007); Li and  Gupta (2007) focused on 
the motion of multi-agent also regards the other  agents as passively moving 
obstacle. If both of the agents use such methods,  oscillation may happen, as 
described in (van den Berg et al., 2008) where  Velocity Obstacle (VO) (Fiorini 
and Shiller, 1998) is used. This paper focuses on how to model the process of 
motion planning, and  the modelling process of path-planning is beyond the scope 
of this paper. A  process framework of motion planning is proposed to determine 
valid velocity set, sample candidate velocity, evaluate velocities and select a 
velocity  to avoid potential collisions along the pre-determined moving path by 
path planning module. As for the velocity evaluation and selection, the paper  
proposed a improved RVO method for agent to avoid potential collision with  
other agent. Reciprocal Velocity Obstacles (RVO) (van den Berg et al., 2008)  
considers the mutual eect on the agents involved in the collision and provides a 
cost function for velocity selection. However, the meaning of a key 65 parameter, 
namely safety factor, as well as its value selection, is not clear.
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Regarding this, this paper proposed a method for selecting the value of the
parameter for the RVO method, by considering some psychological issues  and
principles of crowd movement. The improved method does not guarantee
generating collision-free movement of agent, which is actually true in  some
specic scenarios in real life. Hence, the paper also proposed a method  for
collision response to model how agent recover from a collision.
The potential collision will not always be avoided, and collision may really
happen between agents. The possible reason could be: 1) one or both of
the two pedestrians involved in the collision do not detect the collision; 2)
the velocity adjustment is not enough to avoid it; and 3) one of the two
pedestrians is aggressive and expects the other one to respond to the coming
collision such that the velocity adjustment from the other pedestrian is not
enough to avoid the collision. Once collision does occurs, collision response
is needed for both of the agents in the subsequent simulation step(s). The
process of response is dependent on the type of collision: a slight collision
may allow the agents to continue their movement only with a subtle change
of original velocity; a heavy collision, in the contrary, will make them stop.
After the agent recovers from the collision, it continues to move along its
desired trajectory and avoid the potential collisions.
The rest of the paper is organized as follows. A brief overview of prior
work is given in the Related Work section. The overview of the motion plan 
ning model is described in Model Overview section. The methods for collision
avoidance is introduced in the Collision Avoidance section and Analysis of
Safety Factor section. Section Collision Response gives the rules for agent
response to collision. The experiment results of applying the proposed mo-
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 tion planning mechanism into the crowd simulation is shown in Experiments  
Results section. Finally, the paper is concluded in the section of Conclusion.
Related Work
 The motion planning is originally from the research eld of robotics, where  it used 
for controlling robots in the environments, and avoiding the potential  collision 
amongst other robots or moving obstacle, in the mean time. However, most of the 
existing work (Gayle et al., 2002; Jaillet and Simeon, 2004)  do not take into 
account the fact that the other robot may be aected by the  presence and the 
possible motion of this robot. When the similar method is applied to crowd 
simulation for collision avoidance (Lamarche and Donikian, 2004; Koh and 
Zhou, 2007), the trajectory from the simulation result may be deviated from 
that of the real pedestrian. A typical example is that oscillation happens when 
agent avoids the collision with the other one (van den Berg et al., 2008) . Another 
type of motion planning mechanism for crowd simulation is based on social 
norms. These methods aim to unveil the principles inside the crowd 
movement and mimic the behavior of real human in  dynamic environments, in 
which some social norms and psychological factors are combined. It can make 
the result more realistic to those observed in real life. Generally, there are two 
kinds of implementation to this: one, like the methods in (Stephen, 2004; 
Treuille et al., 2006), concentrates the principles and features of crowd 
movement in a macroscopic level, losing the personality of each pedestrian; the 
other one, like the method proposed by (Shao 113 and Terzopoulos, 2005), focuses 
on modeling the individual behaviors at the
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 microscopic level, lacking the consideration of the movement of the whole 15 
crowd.
 Dierent from those mentioned methods for collision avoidance by selecting 
collision-free velocity, another type of method aims to avoid potential  collisions by 
selecting proper path along agent's moving trajectory. Model proposed by Ahn et 
al. (2011) presents a trajectory variant shift method by re-using and shifting real 
trajectories captured from video data to avoid collisions. Ahn et al. (2012) gives 
the collision avoidance model by reducing short term collision avoidance through 
long term anticipation of pedestrian trajectories. One of the main objectives of 
these methods is to reduce the occurrence of collisions. However, it lacks the 
ability to handle the exceptional  and abrupt scenarios which are not covered by 
the trajectories captured from real videos. On the contrary, this paper proposes a 
motion planning model to simulate how agent selects velocity to avoid near 
potential collisions, with the result of generating a velocity for the action of 
movement.
Apart from those, there are few studies on collision response. (Pelechano et al., 
2007) uses social force to simulate such response. However, it lacks the  
consideration of the collision type and parameters of agent. There has been no  
method proposed for collision response after it really happens. In this paper, a 
method is proposed to navigate agents in dynamic environments among the other 
agents or obstacles, which considers the eect made by the other agent in the 
presence of collision. Moreover, it does not guarantee that the generated motions 
are collision-free, and a response will be performed once 137 the collision happens.
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Model Overview
The main issue of motion planning of crowd simulation is to select velocity
for agent to move towards the given destination. As mentioned above, how
to select the given destination is beyond the scope of this paper. During its
movement around the simulation environment, it may encounter potential
collision with other agents or obstacle, collision avoidance model is then 
needed for simulating agent's movement. Collision may really occur during
crowd movement, especially in crowded area. Hence, the motion planning 
model also needs to handle how agent makes a response to a collision, which is
modelled by collision response module.
The overall modelling process of motion planning can be described as 
follows. The simulation time is divided into desecrate time slots with equal 
interval. At the beginning of each simulation step, the destination for the 
simulation time step should be given from some higher level model (for exam- 
ple, a behaviour model). The given destination also determines the preferred
moving direction. Some environment information, like agents and obstacles
around should also be sensed based on the current location of the agent.
With this input information, the model helps agent to detect any potential
collisions. If there is no potential collision, the agent will choose preferred ve- 
locity (preferred direction as well as the given preferred speed) to move in the
current simulation time step. Otherwise, agent should deviate from its pre- 
ferred velocity and choose a proper velocity in order to avoid the on-coming
collision. With this velocity, if the agent really collides with another agent
or obstacle, the motion planning model also needs to treat how agent recover
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 from the collision, this refers to the collision response part. The whole pro- 
cess of the motion planning model is illustrated in Figure 1. Detailed process  of 
collision avoidance and response is introduced in the following sections.  
Notations used in the following discussion are listed in Table 1.
Table 1: Notations of Parameters Describing Movement of Agent A
Notation Meaning
vA the current velocity
v0A;i a candidate velocity
vpreferA the preferred velocity
vmaxA the maximum speed, such that 8v0A;i; k v0A;i k vmaxA
rA the radius of the agent
PA current location of the agent
panicA panic level of the agent
densityA density around the agent
vcapA Capable speed of agent in the environment
vBA relative velocity of agent A with respective to B
RV OAB Velocity Set of Agent A causing collision with Agent B RVO
 Collision Avoidance
 The process of collision avoidance could be divided into four stages:
1. detecting whether there exists an on-coming potential collision with
other agent or obstacles; if there is no such collision, just choose the
preferred velocity and complete the collision avoidance process; other-
wise, go to step 2);
2. establishing the validate set for all candidate velocities based on kine-
matic and dynamic principles;
3. sampling velocities from the validate velocity;
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Destination Preferred Velocity
Around Obstacles
Around Agents
Current Location
Environment Info
Detecting potential collisions?
Establish valid candidate velocity set
Y
Sampling from candidate velocity set
Evaluating sampled velocities
RVO for collisions 
with agents
VO for collisions 
with obstacles
Proposed method of 
parameter value assignment
N
Collision occurs? Collision response
Select velocity by the evaluation metric
Updating agent information and 
preparing coming into the next 
simulation step
Y
N
Select 
preferred
velocity
Figure 1: Overview of the Motion Planning Model
4. evaluating each sampled velocity by the established evaluation method
and choosing the best one as the moving velocity for the current sim-
ulation time step.
In the following discussion, the shape of agent is assumed as a circle with
 a specied centre point and radius. A collision of agent with another one is  
dened as the two circles representing agents intersects. Similarly, an agent  
collide with obstacle can be also described as the circle for the agent intersects  
with the obstacle.
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On-coming Collision Detection
The problem of collision detection can be converted into whether moving  
circles intersect or not. Taking the detection of agent colliding with another  
one as example, the collision detection can be executed as the following steps  
(illustrated in Figure 2). The initial status (location,shape and location) of  
the two agents are shown in Figure 2a. Based on these information, the 
model detect a potential collision as follows.
1. The circle of agent A can be overlaid on agent B, i.e., agent A can be
reduced to a point and the circle radius of circle come into rA + rB (as
illustrated in Figure 2b) ; the relative velocity of A respective to B can
also be calculated by vA vB. In this case, agent B can be considered
as a static object with the radius rA + rB, and agentA is a moving
point.
2. In order to detect the potential collision, it is then needed to gure out
the intersection point of the new circle of agent B and the ray for the
current location of agent A with the direction of the relative velocity
vA   vB. If there exists a intersection point, the distance between
A's current location and the intersection point can be calculated. The
time-to-collision, which means how soon agent A will collide with agent
B, can be also gured out (if there exists two intersection points, select
the smaller one as the time-to-collision). Otherwise, if there is no such
a point, the distance can be considered as innite, and the time-to-
collision can also be considered as innite, which means there is no
on-coming collision with agent A and B. This modelling process is
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illustrated in Figure 2c.
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Figure 2: Process of Calculating Time to collision
Validate Velocity Set and Velocity Sampling
If an agent detects an on-coming collision and desires to avoid the collision,  it will 
deviate from its preferred velocity and choose another one to achieve  it. A validate 
velocity set should be rst established to determine all possible  candidate 
velocities. The validate velocity set is built based on the agent's  kinematic and 
dynamic principles. The validate velocity set is based on agent's maximum speed 
and maximum acceleration. In Figure 3 the white circle represents all the velocities 
with the speed less than the maximum  speed. The black circle is the velocity set 
for is all the velocities to whichcan be accelerated or decelerated from the current 
selected velocity. Theintersection part of the two set (presented in gray colour) is 
then the validate velocity set, inside which each velocity can been considered as 
candidate velocity. However, it is not possible to evaluate every velocity belongs to 
the validate velocity set, for that the number of velocity is innite. Hence, typical
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velocities needs to be sampled from the set, which refers to the process of
velocity sampling.
(a) Validate velocity set type I (b) Validate velocity set type II
Figure 3: Validate Velocity Set Determination
The main idea of velocity sampling from the validate velocity set is to 
2hoose typical velocity to represent all the velocities belonged to the set. Regarding 
this, the sampling velocity should be uniformly distributed inside the intersection 
of the two circles (i.e., the validate velocity set). The shape of the validate velocity 
set falls into two types: 1) the shape illustrated in Figure 3a, in which some 
velocity satised the acceleration requirement is outside the maximum speed set; 
and 2) the shape of validate set is whole  velocity set satisfying the requirements of 
acceleration (shown in Figure 3b).
For both type of interaction part, a uniformly distributed function is built
by Equation 1).
P (x; y) = uniformPoint(rspeed; racc; centrespeed; centreacc) (1)
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where P (x; y) is a point inside the intersection part; x and y represents the 
two velocity components along x and y coordinate, respectively; rspeed and 
racc represents the maximum speed and value of acceleration holding by the
agent; centrespeed is the centre point of the velocity set for those satisfying
the maximum speed requirement; accordingly, centeracc is the centre point
of the velocity set for those satisfying the maximum value of acceleration
requirement. With a given number of velocity sampling and executing the
equation with the same number of time, the results (i.e., a serial of points),
uniformly distributed inside the intersection part.
Velocity Evaluation
A velocity evaluation method is proposed in (van den Berg et al., 2008) to
evaluate whether the candidate velocity is proper for current situation:
penaltyA;B(v
0
i) = wi
1
tci(v0i)
+ k vprefA   v0i k; (2)
where v0i is a candidate velocity of agent A, tci(v
0
i) is the time to collision with 
agent B by holding the current candidate velocity v0i, vA
pref is the preferred
velocity, and wi is the safety factor.
This formula indicates that a trade-o is made for the velocity selection
between maintaining current velocity to ignore the collision and deviating
from the preferred velocity to avoid the collision: the rst item of the for-
mula (wi
1
tci(v0i)
) reects how long the collision will occurs with the candidate
velocity, v0i; and the second part (k vprefA  v0i k) is about how much the can-
didate velocity deviates from the preferred velocity. The velocity selection
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for an agent, A, is subjected to the following process: 1) given a candidate
velocity, the penalty values for all its neighbors are calculated by Formula 2
and the minimum value is selected; 2) as a result, every candidate velocity
holds such a value; 3) the velocity, with the minimum penalty among all the
candidate velocities, is selected. This process can be formulated as
v = min
v0i2CV
min
j2N
penaltyA;B(v
0
i); (3)
where CV is the set of all the candidate velocities of the agent i, and N is 246 
the set of all the detected neighbors of the agent.
 In order to apply Formula 2 to evaluate velocity, the time-to-collision is needed to 
be gured out. In On-coming Collision Detection section, a  method is mentioned 
to calculate time-to-collision for detecting potential collisions. In this method, the 
core problem is to determine how to calculate the relative velocity between two 
agents or agent and obstacle. Actually, the existing methods of VO and RVO are 
proposed for calculating the relative velocity. VO and RVO are two velocity sets in 
which any velocity will generate collision. These two velocity sets hold dierent 
assumptions: VO  assumes that one think the other will not response to his 
collision avoidance; on the contrary, RVO assumes that both of the two agents will 
respond to the other's motion of collision avoidance and make the same 
contribution to the collision avoidance. Details about VO and RVO can be found 
in (van den  Berg et al., 2008) and (Fiorini and Shiller, 1998) respectively. In the 
follow ing discussion of collision avoidance, VO/RVO can be referred to either the 
velocity set or the conception with the corresponding assumption, which can
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be distinguished in the context.
When RVO is applied, it implies that the agents contribute the same eort to
avoid each other1. From this, it can be determined that B should choose  v0B = vB 
  vA (vB is the current velocity of agent B) as its new velocity, if A chooses v0A 
as its new velocity (vA = v0A   vA and vA = v0A + vA). The relative velocity
of A with respect to B then can be calculated as:
vBA = v
0
A   v0B
= v0A   (vB  vA)
= v0A   (vB   (v0A   vA))
= 2v0A   vA   vB: (4)
Then, the time-to-collision can be gured out by applying Equation 4 to  calculate
the relative velocity between two agents.
Similarly, we can also apply the formula to select velocity based on the as-
sumption of VO. The only dierence is the calculation of the relative velocity
of A with respect to B, which can be get by the following equation.
vBA = v
0
A   vB: (5)
Analysis of Safety Factor
In order to apply Equation 2 to evaluate candidate velocities and obtain the
velocity with the minimum value of penalty, the value as well as its meaning
1This is what Lemma 7 in the literature of (van den Berg et al., 2008) concerns.
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of parameter wi should be determined, which is not mentioned clearly in the
paper van den Berg et al. (2008). The discussion in this section can also be
applied when using VO to calculate the relative velocity.
Generally, a pedestrian will follow her/his preferred velocity until it en- 
counters a collision; once a potential collision is detected, the pedestrian may
adjust the velocity with a minimum deviation. Given all the parameters of
two agents, A and B, the velocity set of A, RV OAB, can then be generated.
If vpreferA 62 RV OAB, it implies that there will be no collision and vprefer will
be selected. When vpreferA 2 RV OAB, a collision will be caused if selecting
the preferred velocity. In this case, another candidate velocity will replace
the preferred velocity. If a candidate velocity, v0A, satises the condition
B
v0A 62 RV OA, the value of penalty, calculated by Formula 2, only depends onB
 the velocity deviation due to the innity value of time-to-collision. Otherwise
(8v0A 2 RV OA), the value penalty will also be contributed by the non-innite
value of time-to-collision on the basis of the velocity deviation. As an exam- 
ple, Figure 4 illustrates the penalties for all the candidate velocities of agent,
A, when it come towards the other agent, B, with the following conditions:
vA = ( 1:4m=s; 0);vB = (+1:4m=s; 0);
vpreferA = ( 1:4m=s; 0);vpreferB = ( 1:4m=s; 0);
PA = (15m; 0); PB = (0; 0);
rA = rB = 2m;
vmaxA = v
max
B = 1:4m=s;
wi = 5: (6)
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If all the parameters are given, how much the penalty raised due to col- lision
is determined by the safety factor, wi. If wi = 0, the penalty only  depends
on the velocity deviation from Formula 2 and the agent will always  choose the
preferred velocity, which causes the agent not to consider the coming collision.
With the increase of wi, the penalty will be raised accordingly.
Figure 4: An Example of Penalty Value Distribution
Actually, the velocity selection is the process to minimize the penalty,
which can be achieved at either the edge of RVO (avoiding the collision) or a
point inside RVO (ignoring the collision). If the preferred velocity does not
locate at the center of RVO, there exists a deviation, labeled as dv, between
the preferred velocity and the one inside the RVO and holding the minimum
penalty. Since the distance between them is much larger than the radii of
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the agents, we can assume dv ' 0. If the minimum penalty is achieved by
a velocity outside the RVO, it should locate at the edge of the RVO with
a minimum velocity deviation, which is labeled as vs. If the collision-free
motion is needed, the condition:
k vpreferA   vs k<
wi
t1
+ dv ' wi
t2
(7)
must be satised, where t1 is the time to collision with the velocity achieving
the minimum penalty inside the RVO, and t2 is the time to collision with
the preferred velocity. Here the rst item in the inequality is for the velocity
on the edge of RVO; the second item is for the velocity at a specied point
in RVO; and the last item is for the velocity along the preferred velocity.
Again, because the distance between them is much larger than the radii of
the agents, we can assume t1 ' t2, due to the low velocity of pedestrian.
Actually the angles among the three velocities are very small. Then we have,
wi > t2 k vpreferA   vs k; (8)
where t2 k vpreferA   vs k denotes the threshold: if wi is larger than it, the
agent prefers to avoid the collision; otherwise, it will move along its preferred 
direction and ignore the collision. This can be explained by the fact that the
agent ignores the coming collision when the distance between the two agents  is
far; and the agent avoids the collision once they get closer.
However, with a normal sensor range, such distance is much larger than
the given sensor range. Figure 5 illustrates the relationship between the
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distance agents beginning to avoid each other and the safety factor. The
parameters of the two agents are set the same to those in Figure 4, with
the only exception of the 200m of the distance between them. The distance
can be very large,when wi >= 1:7 (24:67m). In case of this, the selection of
safety factor will be nonsense when the normal sensor range is much smaller
than the corresponding distance. The reason for this is that the distance
between the two agents is much larger than the radius of the agent.
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Figure 5: Relationship between Safety Factor and Minimum Distance for
Collision Avoidance
The meaning of the safety factor when an agent meets several agents 310 diers from
that when it encounters only one. Here, the agent, namely i, still needs to make a
trade-o, but among all the other agents around. This depends on the value of the
penalty with a safety factor. Consider two agents, j and k around, the agent i
needs to select a velocity which make a minimum penalty from Formula 2.
There exit two velocities, vj and vk, which achieve the minimum penalty for
agent j and k, respectively. Based on the previous analysis, we can claim that
both of the two velocities will make a collision-free motion for the
corresponding agent. Now, it needs
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to determine which one is smaller. For velocity v1, we have the penalty pj = wi=tj +
dvj , where tj is the time to collision with agent j, and dvj is the velocity deviation
between the preferred velocity and vj . Similar, for velocityv2, the corresponding
penalty is pk = wi=tk + dvk. In case of dvj < dvk and 322 tj > tk, pj should be smaller
than pk, which makes vj as the selected velocity.  However, if the two velocities are
subject to the conditions of dvj > dvk and tj > tk, the safety factor, which scales the
rst item by wi times, makes an  impact on the selection of minimum penalty. Let's
consider the following two extreme conditions for the two velocities: tj ! 1 and 
dvk = 0, which indicates that vj will make a collision-
free motion with agent j, vk is along the direction of the preferred velocity of agent
i, and 1=tk ! 0. Remember vj will  make a collision-free motion with agent 
j, then the maximum of the velocity
derivation is kvpreferi k. It is achieved when kvjk = 0. In such conditions, we
need to compare which of the two items is smaller: wi=tk or dvj = kvpreferi k.
The threshold of safety factor can be formulated as tk  kvpreferi k. The other
extreme assumption is that both i and k move towards each other with the
speed kvpreferi k, and kvpreferk k (kvpreferi k = kvpreferk k ), with the distance
Dik, tk then can be calculated as Dik=2  kvpreferk k. Then the threshold of
the safety factor is Dik=2. Then the meaning of safety factor for navigation
agent around several others nearby is: if the value of safety factor is set larger an
half of the minimum distance to all its neighbors, the agent prefers to  avoid
the instant collision; otherwise, it just ignore the collision and moves  along
the direction of its preferred velocity. We name this threshold for safety  factor
is the strict one. Associated with the previous analysis, the maximum  distance
between two agents should be the sensor range. Then the loose
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threshold for safety factor should be half of the sensor range.
Selection of Safety Factor
From the analysis in last subsection, the safety factor, wi, represents how far an
agent begins to avoid the collision. The following issue is about how to 347 select the
value of wi in dierent scenarios.
The movement of a pedestrian in a crowd is constrained by the features of
the crowd. The fact is that the pedestrian's speed is related to the pedestrian
density around her/him: if the density is high, the walking speed should be
slow; otherwise, the pedestrian can walk freely with a high speed. (Hughes,
2002) proposes a relationship between pedestrian's walking speed and density,
formulated as follows:
f() =
8>>>><>>>>:
A;   trans
A(trans=)
1=2; trans <   crit
A( transcrit
max crit )
1=2 (max )1=2

; crit <   max
(9)
where trans, crit, and max have typical values of 0:8, 2:8 and 5:0m 2, and 349 the 
typical value for A is 1:4m=s. Adopting this formula, a speed of an agent, 350 A, can
be calculated with the given density, which is called capable speed,
vcapA .
On the other hand, the pedestrian may hold her/his preferred speed,
k vpreferA k, which indicates how fast she/he desires to walk and related to
her/his panic level. Here we simply divided the panic level into three cate-
gories: normal, hurry, and emergency. The corresponding preferred veloci-
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ties, are set with the values of 1:4, 2:0, and 3:5m=s, respectively. The max-
imum acceleration is set to 1, 2, and 2:5m=s2 for the three types of agents.
This setting corresponds to the human step frequency reported in (Mazarakis
and Avaritsiotis, 2005), which varies from 0:9Hz to 3:5Hz, with a mean of
2Hz. Then, we set the safety factor, wi, is determined by the follows:
wi = collision dstandard
vcap
k vpreferA k
: (10)
we adopt the eld of vision proposed in (Feurtey, 2000), which is composed by a 
sector, centering at the position of the agent, with the angle of 160o  and radius of 
10m. Then collision dstandard is set to 5m, which is the half of  sensor range. 
Associated with Formula 8, that the agent will either avoid or  just ignore the 
coming collision can be determined.
The concept of RVO requires the assumption that both of the agents will make the 
same contribution for the collision avoidance. If both of the agents  detect the same 
coming collision, RVO is applied in Formula 2. However, if  one of them does not 
catch sight of the other one (e.g. one following the other one), RVO should not be 
applied. If this case, VO is applied in Formula 2  for the one detecting the collision. 
The awareness of the other agent can  be determined by checking whether the 
other agent is in the vision eld of  the agent. In case an agent encounters a 
moving/static obstacle, VO is also  applied in Formula 2 to generate the motions 
for collision avoidance.
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Collision Response
If a collision does occur during the simulation, collision response is needed for
the agent. We assume that each agent is represented by a circle. The
collision between two agents can then be detected when the circles of the
two agents overlap. In this paper, a rule-based collision response model is
applied, which is proposed in our previous paper Xiong et al. (2010).
Collisions can be distinguished by the collision type and the speeds with 373 which
the two agents collide. Dierent types of collision can cause an agent to respond
dierently. First of all, a collision can be categorized into two  types: side collision
and head-on collision. An example of the two types of  collisions. An head-on
collision for Agent A with Agent B occurs when: 1)  the circles representing A and
B overlap; and 2) the ray starting from the center of the circle representing A and
along the direction of A's velocity,  intersects the circle representing B. All the
other collisions are considered as side collision. A side collision, which we assume
to be less severe, may only slow down the involved agents slightly. The head-on
collision, on the  contrary, reects a signicant collision, in which an agent must
stop for a while before it continues its movement. Secondly, the agent's current
speed is categorized into three categories, i.e., less than 1:7m/s, between 1:7 and
2:8m/s, and larger than 2:8m/s. The rules of the collision response made by the
agent are dened in Tables 2 and 3 (where vA and vB represents the current speed
of the Agent A and B, respectively), involving the following actions:
i) the agent reduces its speed (here we assume the agent drops to 80% of
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its current speed);
ii) the velocity direction will be turned away from the collision with an
angle ' (here ' = =9);
iii) the agent stops for the time of tstop (it is assumed that the tstop = 0:5s
for side collision and tstop = 2s for head-on collision); and
iv) the agent falls down, where the agent also needs time of tfall before it
continue to move (here tfall is set as 3s).
i + ii means the agent will execute the two responses simultaneously. Note,
for actions iii and iv a random positional deviation is applied to the agents to
avoid repeated collisions. While semi-random, this adjustment is performed
according to the resulting collision force between the two agents. This ad- 
justment only aims to separate an agent colliding with another one, but not  to
consider any on-coming collisions. As a result, the agent may continuously re-
collide with other agents around, which can further increase the overall
number of collisions.
Table 2: Collision Response of Agent A Colliding with Agent B (Side Colli-
sion)
XXXXXXXXXXXXAgent A
Agent B
vB  1:7 1:7 < vB  2:8 vB > 2:8
vA  1:7 i+ ii iii iii
1:7 < vA  2:8 i i+ ii iii
vA > 2:8 i i i+ ii
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Table 3: Collision Response of Agent A Colliding with Agent B (Head-on
Collision)
XXXXXXXXXXXXAgent A
Agent B
vB  1:7 1:7 < vB  2:8 vB > 2:8
vA  1:7 iii iii iv
1:7 < vA  2:8 iii iv iv
vA > 2:8 iii iii iv
Case Study
In this section, the experiment results are showed to validate the proposed  motion
planning model. The experiments are divided into three parts: dierent values of
safety factor for agent navigation, collision response for dierent collision type,
and a concrete scenario for agent moving around the simulation  environment.
Evaluation of Safety Factor411
The rst group of experiment is designed to examine the impact of the safety
factor on the collision avoidance when multiple agents are around. In the
experiment, all the agents in the experiment, uniformly locating at a circle,  desire
to achieve the position at the other side of the circle. The value of  safety factor is
xed set to 0:1 and 15 respectively, and no collision response is  considered. Figure
6 illustrates the simulation results of this scenario, where  the solid circles
represent the initial positions of agents; dark dots represent  the trajectories of
those moving agents. Each agent desires to move to the other side of the circle in
the simulation environment. When the safety factor is set to 0:1, it is shown in
Figure 6a that all the agents continues to move and
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get very closed before they begin to avoid the coming collision; compared with
this, the agents begin to avoid the others with 15 for the safety factor, when
they are far away from each other, (shown in Figure 6b). This validates the
fact that: the agent prefers to avoid each other when safety factor is larger;
and they become sluggish and pretend not to detect the coming collision,
once the safety factor is smaller. Finally, they avoid the other agents around
until the distances among them drop to a threshold.
(a) wi = 0:1 (b) wi = 15
Figure 6: Agents Changing Their Positions in Circle with Dierent Value of
Safety Factor
Collision Response
  Dierent types of collision responses, i.e., side and head-on collision are 
demonstrated in Figure 7, where t represents the simulation time step and  is set 
to 0:5s here. There are two agents involved in the collision response process. Both 
agents hold the speed of 1:4ms.
   For side collision (demonstrated in Figure 7a), the two agent drops its  speed to 
80% of its original speed and turn away from its original direction with an angle 
=9. As mentioned in Table 2, it needs no time for collision
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t0 t0+ t
vA
vB
vA
vB
(a) side collision response
t0 t0+ t
vA
vB
vA=(0,0)
vB=(0,0)
t0+4* t
vA
vB
(b) head-on collision response
Figure 7: Response for Side and Head-on Collisions
recovery (speed of both agent less than 1:7ms), two agents involved in side
collision is able to continue their movement immediately after the occurrence  of
side collision, only by adjusting their speed and moving direction. Detailed
position and velocity information of two agents before and after the collision  is
shown in Table 4.
Head-on collision, as mentioned Table 3, makes agents involved in the
collision stopping/falling and waiting for collision response and recovery. Af- 
ter collision occurs, the two agents are separated by collision force. Since
both agents hold speed less than 1:7ms, they need 2s stop time for colli- 
sion response, as demonstrated in Figure 7b. Detailed position and velocity
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Table 4: Positions and Velocities of Agents in Process of Collision Recovery
(Side Collision)
XXXXXXXXXXXXNotation
Time
t0 t0 +t
vA (1:0; 0) (0:94; 0:34)
vB ( 1:0; 0) ( 0:94; 0:34)
PA (10:0; 10:0) (10:47; 9; 83)
PB (10:4; 10:4) (9:93; 10:57)
information of two agents before and after the collision is shown in Table 5.
Table 5: Positions and Velocities of Agents in Process of Collision Recovery
(Entire Collision)
XXXXXXXXXXXXNotation
Time
t0 t0 +t t0 + 4t
vA (1:0; 0) (0; 0) (1; 0; 0)
vB ( 1:0; 0) (0; 0) ( 1:0; 0)
PA (10:0; 10:0) (9:3; 9:3) (9:8; 9:3)
PB (10:3; 10:0) (11:0; 10:7) (10:5; 10:7)
Scenario with Dierent Panic Levels
The following experiments apply the proposed motion planning model into a
concrete scenario. There are two groups of agents in this scenario, including
three columns agents in each group. Initially, the two groups locate at left
and right edge of the environment, with the distance of 16m. Then the agents  in
both of the two groups begin to move towards each other to exchange their
positions between the two group to exchange their positions between the two
groups, which means the goal of each agent is 16m away from its original
position. For example, an agent locating at the point with the coordinate
(5; 20) desires to achieve the point (21; 20).
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(a) Simulation Time 0s (b) Simulation Time 4:0s
(c) Simulation Time 6:0s (d) Simulation Time 8:0s
(e) Simulation Time 12:0s (f) Simulation Time 19:0s
Figure 8: Two Groups of Agents Exchanging Their Positions with Normal
Panic Level
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Two experiments are conducted for the scenario, dierentiating in the
composition of agent panic level in each groups. Agents in the rst experiment are 
all in normal panic level, with the preferred speed of 1:4m=s. Figure 8 shows the
snapshot of the simulation process, where agents are dotted with black color and
the associated short line indicates the agent's velocity, both in direction and speed.
From the experiment result, it can be observed that the shape of agent columns
does not change much. For an agent with normal panic level, agent executes the
collision avoidance motion when they are relatively far away from each other. This
makes the motion of collision avoidance deviates lightly from its preferred velocity.
This causes agents in each group moves in order even when they meet and come
across each other. On the contrary, agents composed with dierent panic level
behaves much dierently for the second experiments. In this experiment, each
group agents are composed of three types of panic levels, coloured with black,
green and red for normal, hurry and emergence panic level, respectively (as
shown in Figure 9). Since agent emergence and hurry panic level can tolerate
the on coming collision with a shorter distance that the normal panic level
agent, agents can moves much closer until they conducts the motion of
collision avoidance. This makes collision occurs with a higher probability, which
makes the agent to conduct the motion of collision response. Agent during the
process of collision response is represented as circle in Figure 9. Additionally,  it
can also be observed that the agents with emergence panic level holds the
highest speed which makes the distance between other agents becoming  larger.
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(a) Simulation Time 0s (b) Simulation Time 2:0s
(c) Simulation Time 5:0s (d) Simulation Time 7:0s
(e) Simulation Time 10:0s (f) Simulation Time 22:0s
agent with normal 
panic level
agent with hurry 
panic level
agent with
emergence level
Figure 9: Two Groups of Agents Exchanging Their Positions with Three
Panic Levels
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Performance Evaluation
The performance evaluation for the proposed motion planning model is based
on the scenario used in the previous Section. Two experiments are compared  for
performance evaluation, for agents with normal and three types of panic  levels.
The movement for the scenario can be divided into three stages: 1) agents
start to move at the beginning of the simulation; 2) two groups of  agents get
closer and begin to conduct the motion of collision avoidance; and 3) after two
groups of agents come across each other, they continue their  movement to
achieve the desired destination.
The simulation result is shown in Figure 10, and the three stages of agent
movement is dierent with the simulation cost. At the rst stage, it can be
observed that the simulation cost is relative low. When it comes into the  second
stage, it goes higher for both experiments. This is due to the increase  of the
velocity sampling number. At the initial stage, agents can apply their preferred
speed since the time to the potential collision is long. Noticed that  the valid
velocity set is intersection part of the maximum velocity set and  maximum
acceleration set. As the on-taking speed decreases, the intersection part will goes
larger. Due to the sampling resolution keeping the same during  the simulation
process, larger intersection part means more velocity will be sampled inside the
valid velocity set. This makes the simulation cost growsup in the second stage. In
stage 3, the simulation cost drops again because  agents is able to choose the
preferred velocity as the moving velocity. At the  end of stage 3, the simulation
cost decreases fast due to some agents arriving at the destination.
32
0 2 4 6 8 10 12 14 16 18 20
0
5
10
15
20
25
30
35
40
45
Simulation Time (s)
S
im
u
la
ti
o
n
 C
o
s
t 
(m
s
)
normal panic level
three panic levels
Figure 10: Performance of Motion Planning Model Compared with Two
Scenarios
It can also be observed that the experiment with dierent panic levels holds a
higher simulation cost than the one with normal agent. This is because experiment
with dierent panic levels may cause more collisions. Agents involved in collisions
needs to conduct the motion of collision response, which takes extra simulation
cost for this.
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Conclusion
In this paper, an adaptive motion planning mechanism is proposed for crowd
simulation, including motion planning and collision response. Motion plan ning is
divided into two separately parts, collision avoidance and collision  response. 
When an agent detects an on-coming collision and decides to avoid it, it selects a 
velocity deviating from its preferred velocity for collision avoidance. The model
allows agent to collide with other agents or obstacles in some special scenarios, 
which causes the execution of the rule-based collision response method. From the
experiment results, it shows that the proposed motion mechanism can generate
dierent motions in dynamic environments. The agent with dierent panic levels 
may behave dierently. In the future work, such dierences should be considered 
for the collision avoidance, which makes the agent with lower panic level pays
more contribution in the collision avoidance than the one with higher panic level
does.
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